A complete basis set model chemistry. VI. Use of density functional geometries and frequencies The Journal of Chemical Physics 110, 2822 (1999) An augmented valence triple-zeta basis set, referred to as G3Large, is reported for the first-row transition metal elements Sc through Zn. The basis set is constructed in a manner similar to the G3Large basis set developed previously for other elements ͑H-Ar, K, Ca, Ga-Kr͒ and used as a key component in Gaussian-3 theory. It is based on a contraction of a set of 15s13p5d Gaussian primitives to 8s7p3d, and also includes sets of f and g polarization functions, diffuse spd functions, and core df polarization functions. The basis set is evaluated with triples-augmented coupled cluster ͓CCSD͑T͔͒ and Brueckner orbital ͓BD͑T͔͒ methods for a small test set involving energies of atoms, atomic ions, and diatomic hydrides. It performs well for the low-lying s → d excitation energies of atoms, atomic ionization energies, and the dissociation energies of the diatomic hydrides. The Brueckner orbital-based BD͑T͒ method performs substantially better than Hartree-Fock-based CCSD͑T͒ for molecules such as NiH, where the starting unrestricted Hartree-Fock wavefunction suffers from a high degree of spin contamination. Comparison with available data for geometries of transition metal hydrides also shows good agreement. A smaller basis set without core polarization functions, G3MP2Large, is also defined.
I. INTRODUCTION
The last two decades have witnessed enormous progress in the development of composite theoretical techniques for the accurate prediction of the thermochemical properties of molecules. While direct application of an accurate theoretical method such as CCSD͑T͒ can be carried out with progressively larger basis sets and extrapolated to attain convergence, [1] [2] [3] [4] [5] [6] [7] [8] an alternative successful strategy that makes it possible to approach chemical accuracy for significantly larger molecules involves a composite multilevel approach typically combined with a small number of empirical parameters. [9] [10] [11] [12] [13] [14] [15] The Gaussian-n series that we have developed [16] [17] [18] [19] exploits this idea to predict thermochemical data for molecules containing first-and second-row elements and has subsequently been extended to include third-row nontransition metals ͑K, Ca, Ga-Kr͒. 20 In our approach, high level correlation calculations ͓e.g., QCISD͑T͒, CCSD͑T͔͒ with moderate sized basis sets are combined with results from lower level calculations ͑e.g., MP4, MP2, or even HF͒ using larger basis sets to approximate the results of more expensive calculations. In addition, molecule-independent empirical parameters are used in these methods to estimate the remaining deficiencies in the calculations. This avoids the use of very large basis sets containing high angular momentum functions and such an approach using "higher level corrections" ͑additive parameters that depend on the number of paired and unpaired electrons in the system͒ has been quite successful and the latest versions, extended Gaussian-3 ͑G3X͒ ͑Ref. 21͒ and Gaussian-4 ͑G4͒ ͑Ref. 19͒ theories, achieve an overall accuracy of 1.0 kcal/ mol or better for the large G3/05 test set containing 454 experimental energies. 22 The development of similar computational models for molecules containing transition metal elements is, however, a very challenging problem. 23, 24 Many groups are working to develop and apply both density functional theory ͑DFT͒ and wavefunction based methods for application to such systems. 1, 2, [25] [26] [27] [28] [29] [30] [31] [32] In order to develop a Gn-type method for use in transition metal systems, many significant challenges must be overcome. The presence of low-lying electronic states in transition metals makes it difficult to provide an accurate description of electron correlation effects, particularly if it involves a change in the 3d electron population. [33] [34] [35] This makes simple models of electron correlation such as MP2 or MP4 to be highly deficient. Relativistic effects have to be taken into account to provide an accurate description of chemical bonding in such systems. 33, 36 The number of molecules where the experimental heats of formation are known to chemical accuracy is far fewer for transition metals. This limits the collection of test sets that are useful for a critical evaluation of the performance of theoretical models for these systems. Finally, systematic basis sets have not been developed to the same extent as for main group elements. For example, the equivalent basis sets comparable to G3Large ͑used in G3 theory͒ are not yet available for transition metal systems.
This is the first in a series of papers in which we plan to explore how to modify and extend accurate computational models such as G3 theory to the transition metals Sc-Zn. In this paper we present new basis sets for the elements Sc-Zn and then carry out calibration studies with this basis set on some simple, but challenging, systems. In particular, we investigate the excitation and ionization energies of transition metal atoms as well as the geometries and binding energies of the series of diatomic hydrides MH, M = Sc-Zn. In future papers, we plan to present new composite models for predictive thermochemistry in these systems.
II. STANDARD BASIS SETS IN GAUSSIAN-n THEORIES
The reliability of both ab initio and density functional calculations of transition metal compounds is dependent on the availability of quality basis sets. In particular, the applicability of methods such as G3 requires standard basis sets for transition metals that are compatible with existing basis sets for the main group elements, such as 6-31G * , 37 6-311G * , 38 and G3Large. 18 ͑In the notation used here, the ‫"ء"‬ denotes polarization functions on heavy atoms, which is a d function on Li-Ar, K, Ca, Ga-Kr, and an f function on Sc-Zn.͒ Unless the basis sets for elements in the different groups are balanced and compatible, the description of bonding involving transition metals and main group elements will be deficient. Thus, our initial goal in this study is to prepare standard basis sets for transition metals that are comparable in size and performance to the corresponding basis sets used for the main group elements.
Basis sets comparable to 6-31G * are already available for the first-row transition metal elements. Rassolov et al. 39, 40 published the 6-31G * basis for the atoms K-Zn. This basis set was constructed similar to the 6-31G * basis set for atoms through Ar and should be useful for the calculation of properties such as geometries and vibrational frequencies of molecules containing transition metal elements. However, several followup papers have suggested improvements to this 6-31G * basis set. First, the lack of d-functions on K and Ca causes poor geometries in some molecules, and therefore a 3d shell was added to these elements. 40 Second, the 3d-shell of the 6-31G * basis for Sc-Cu was found by Mitlin et al. 41 to lack a sufficiently diffuse exponent that is important for transition metals near the end of the series ͑Co, Ni, and Cu͒. They reoptimized the 3d shell exponents and found improved performance. This new basis set was referred to as m6-31G * . In the Appendix, we present a m6-31G * basis set for Zn that was not included in the paper by Mitlin et al.
It is well known that basis sets larger than 6-31G * are important for energy evaluations. One of the widely used larger basis sets is the valence triple-zeta 6-311G * basis set, which was initially developed for H-Ne. A similar type of basis set referred to as 6-311G * is also available for the second-row elements ͑Na-Ar͒. Although this basis set is referred to as "6-311G," it is actually constructed from the existing triple-zeta basis set ͑12s9p contracted to 6s5p͒ of McLean and Chandler. Together, these 6-311G * basis sets for the first two rows have been combined with supplemental functions for use in the calculation of single point energies in Gaussian-2 theory. In the development of G3 theory, it was noted that 6-311G had deficiencies for some second-row elements, and an improved version was optimized for Na-Ar for use in high level energy calculations. This basis set was then augmented with diffuse and polarization functions ͑dif-fuse sp functions, df valence polarization functions, and pd core polarization functions͒, and is referred to as "G3Large." The G3Large basis set has also been defined for the first-row H-Ne by adding analogous diffuse and polarization functions to the existing 6-311G basis. In addition, a similar G3Large basis set has been developed for atoms Ga-Kr. 20 The G3Large basis set is used in Gaussian-3 theory for single point MP2 calculations, and the resulting accurate performance suggests that it is balanced for the different main group elements in the first three rows.
In this paper we report the development of a similar G3Large basis set for the first-row transition metal elements, Sc-Zn. This basis set is a contracted 8s7p3d set plus diffuse and polarization functions. It is constructed in a manner consistent with the G3Large basis set for the second-and thirdrow main group elements, and is intended to be used with them. The performance of the basis set is assessed on a small test set of atomic and diatomic species. In Sec. III, the G3Large basis set for the first-row transition metals is presented. In Sec. IV, the results are assessed for atomic excitation energies, atomic ionization energies, and the geometries and dissociation energies of diatomic hydrides. Conclusions are presented in Sec. V.
III. DESCRIPTION OF G3LARGE BASIS SETS FOR Sc-Zn
The G3Large basis set for the third-row transition metal atoms is a contracted Gaussian set with diffuse and polarization functions. The contracted set was derived similar to the G3Large basis set for third-row nontransition metal elements in G3 theory. 20 This procedure involves a full optimization of the basis set on atomic restricted open shell Hartree-Fock ͑ROHF͒ wavefunctions in high spin, high orbital angular momentum states of Sc-Zn using a modified version of the ATOM-SCF program. 42 The atomic states used in the basis set optimization are Sc͑2D͒, Ti͑3F͒, V͑4F͒, Cr͑5D͒, Mn͑6S͒, Fe͑5D͒, Co͑4F͒, Ni͑3F͒, Cu͑2D͒, and Zn͑1S͒. The core spd contraction scheme is the same as for the main group thirdrow elements, which was chosen based on the error analysis of the thermochemical calculations in the G3 theory. 20 The resulting basis set is a contraction of a 15s13p5d primitive set to 8s7p3d. The p contraction is 6211111 and the d contraction is 311. The exponents and coefficients of the G3Large basis set are given in supplemental information 43 and are also available on the web. 44 Diffuse and polarization functions were derived for the G3Large basis set. Diffuse functions ͑spd͒ were derived from optimization on metal chloride anions in singlet states, such as ScCl 2 − , TiCl − , VCl 2 − , etc. The geometries were optimized at the UHF/6-31G level, and then exponents of the diffuse functions were optimized to minimize unrestricted Hartree-Fock ͑UHF͒ energies calculated with the 8s7p3d contracted set. Diffuse d and sp functions were optimized separately. The ratio of outermost valence exponents to optimized diffuse exponents is found to be relatively constant for each angular momentum type, with average ratios of 2.5 for sp basis functions and 4.0 for d functions. We used these ratios to generate final values of diffuse exponents, shown in the Appendix. The f polarization functions were optimized at the UHF level on the transition metal molecules used for the 6-31G * basis. The g polarization functions were optimized on this same set and included a 2f polarization set on the basis set during optimization. The f and g polarization functions are listed in the Appendix. The core d and f polarization functions were optimized at the MP2͑full͒ level on the atoms. These functions are also listed in the Appendix.
The G3MP2Large ͑G3MP2L͒ basis is obtained by not including the core polarization functions. The total energies for the G3Large and G3MP2large basis sets for the atoms are given in Table I . The GAUSSIAN03 computer program was used in the energy calculations. 45 
IV. RESULTS AND DISCUSSION

A. Atomic excitation and ionization energies
It is well known that accurate calculation of the electronic excitation energies of transition metal atoms that differ in the occupation of the 3d and 4s orbitals is a challenging problem. 34, 35 Large basis sets as well as an accurate treatment of electron correlation are both important factors in this context. We have evaluated the performance of the G3Large basis set for the computation of low-lying electronic excitation energies obtained from d n s 2 → d n+1 s 1 atomic transitions using the triples-augmented CCSD͑T͒/G3Large and BD͑T͒/ G3Large methods. While the coupled cluster-based CCSD͑T͒ method was chosen as the standard electron correlation technique, the Brueckner orbital-based BD͑T͒ can be seen to offer significant advantages in spin contaminated cases such as NiH ͑vide infra͒. We have used both methods using nonrelativistic techniques as well as with scalar relativistic corrections. For the latter case, we used the secondorder Douglas-Kroll-Hess scalar relativistic Hamiltonian, [46] [47] [48] [49] denoting the relativistic calculations as DKH-CCSD͑T͒ and DKH-BD͑T͒. In all cases, the correct d orbital combinations that lead to the proper pure electronic state were occupied. Table II lists the computed excitation energies and compares these to spin-orbit corrected ͑i.e., J-averaged͒ experimental values. In previous work, 35 computed scalar relativistic corrections were used to correct the experimental values in order to evaluate the performance of nonrelativistic theoretical models. In the present study, we have opted to refrain from correcting the measured experimental values and to include the scalar relativistic corrections in the computed values. This enables us to compare calculated results directly to experiment, consistent with the general philosophy that we have followed in our Gn approach. The computed values in Table II correspond to the inclusion of all the electrons in the correlation treatment.
All the excitation energies represent s → d transitions. As seen in previous studies, 35 the deviations of the relativistic calculations from experiment appear to be fairly systematic and of the same sign ͑computed excitation energies being larger than those from the experiment͒. The mean absolute deviation ͑MAD͒ from experiment for the nine DKH-CCSD͑T͒ excitation energies is 0.17 eV, and errors larger than 0.2 eV occur for Mn, Fe, Co, and Ni. The MAD for the DKH-BD͑T͒ excitation energies is slightly larger, 0.19 eV, and the errors larger than 0.2 eV occur for Cr, Mn, Fe, and Co. Note that the excitation results in a change of multiplicity for the early transition metals Sc-Cr, while for the later metals the multiplicity remains unchanged. The results do not show larger errors for the former cases ͑in fact, they are smaller on average͒, a clear indication that spin change is not the dominant factor. It will be interesting to see the implications for our Gn-type approaches that apply a correction factor based on the number of paired and unpaired electrons. Results using the QCISD͑T͒ method ͑not listed͒ yield very similar errors, as seen in an earlier study 35 using somewhat different basis sets.
We have also evaluated the lowest ionization energies of the atoms using the same methods. Again, they are compared with J-averaged measured experimental values. Table III lists the deviations found with each of the theoretical methods using the G3Large basis set. The DKH-CCSD͑T͒ and DKH-BD͑T͒ methods demonstrate a better description of the ionization process than of the d → s excitation process ͑a result of the unchanging d orbital population for most ionization transitions͒. Both methods perform equally well having MADs of only 0.07 eV. In fact, the errors are smaller than 0.05 eV in all cases except for V and Co where they are larger. A closer look at the electronic states provides a simple explanation. The ground states of the ions for all the elements except for V and Co are obtained by a removal of a 4s electron. The performance of DKH-CCSD͑T͒ and DKH-BD͑T͒ is excellent for all such cases. In the case of V and Cr, the ionization process is more complicated, involving a loss of a 4s electron ͑as for the other elements͒ along with a simultaneous s → d promotion of a second electron. This yields additional contribution to the errors that result from the promotion energy ͑seen earlier͒. Overall, the performance of the G3Large basis set is very accurate. Table IV lists the atomic excitation and ionization energies at the MP2, MP3, MP4, and CCSD levels of theory using the G3Large basis set. In all cases, relativistic effects were included and all electrons are correlated as in the case of the CCSD͑T͒ results listed in Table II . The convergence of perturbation theory is good for the early elements, but deteriorates strongly for the later elements. As pointed out previously, 34, 35 fairly strong oscillations between the different perturbation orders are seen for Fe, Co, Ni, and Cu. The dramatic failure of perturbation theory is evident for Cu, where the errors in the excitation energies at second, third, and fourth orders are 1.30, −1.55, and 1.76 eV. The CCSD method ͑without the perturbative triples correction͒ behaves fairly well, though errors in computed excitation energies greater than 0.3 eV are seen for all of the later transition elements Mn-Cu. However, the behavior is more systematic with the computed s → d excitation energies being larger than experiment in all cases. Another distinction between the MPn and CCSD methods arises in the differing capabilities of describing the two different excitation processes. For each order of perturbation, the ionization process is much better described than the s → d excitation process ͑the MAD of excitation energies is roughly twice that of the ionization energies͒. However, CCSD exhibits similar performance for both excitation energies and ionization energies ͑MAD for both processes is about 0.2 eV͒. It is clear that an infinite order method is needed to get accurate results for transition metals. Again, it will be interesting to see the implications for Gn-type approaches that use results from low order perturbation theory assuming additivity of basis set and correlation effects.
We have investigated the effect of correlating different numbers of electrons in the calculations on the computed excitation and ionization energies. In recent work by Peterson and Balabanov, 2 excitation and ionization energies are calculated for the first-row transition elements using scalar relativistic CCSD͑T͒ and extrapolating to the complete basis set limit. By comparing the CCSD͑T͒ results obtained with the G3Large basis set to the corresponding core-valence corrected complete basis set results, we are able to estimate the completeness of the G3Large basis set. Table VI shows the difference between the CBS and G3Large atomic excitation and ionization energies. The mean absolute deviations between the G3Large results and the CBS results is 0.168 eV for excitation energies and 0.076 eV for ionization energies. In the case of the s → d excitation energies, as pointed out earlier, the G3Large results for each atom favor the d n s 2 state relative to the d n+1 s 1 state. Extrapolating to the CBS limit, the additional differential correlation effects stabilize the d n+1 s 1 state, which greatly improves comparison to experiment. These factors have to be taken into account in designing modified Gn procedures for transition metals.
B. Geometries and dissociation energies of diatomic hydrides
Geometries
Initially we determined the appropriate wave functions for several low-lying electronic states of the ten diatomic hydrides MH ͑Sc-Zn͒ at the Hartree-Fock level. In many cases, incorrect ground states are predicted at the HartreeFock level, but inclusion of electron correlation effects at the CCSD͑T͒ level reverses the ordering and yields the correct known ground states. For each hydride, Table VII compares the optimized bond length to experiment [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] at both the CCSD͑T͒/G3Large and BD͑T͒/G3Large ͑both with and without the inclusion of scalar relativistic effects͒ levels of theory. The table also lists ͗S 2 ͘ values. For both levels of theory, the inclusion of relativistic effects improves the comparison to experiment. For DKH-CCSD͑T͒/G3Large and DKH-BD͑T͒/G3Large we find respective MADs of 0.017 and 0.014 Å from experiment. For CCSD͑T͒ ͓and DKH-CCSD͑T͔͒ the largest deviation occurs for NiH where the theoretically optimized bond length is 0.071 Å ͑0.061 Å͒ shorter than experiment. Closer inspection reveals that this unexpectedly large deviation is a result of a very highly contaminated starting UHF wavefunction. It is clear from Table VII that the calculated UHF ͗S 2 ͘ value of NiH ͑1.71͒ is dramatically deficient ͑ideal value is 0.75͒. Consequently, the resulting bond length is deficient and the corresponding bond energy is too low ͑vide infra͒. For NiH we see BD͑T͒ performing substantially better. This is clearly due to the observation that orbitals which satisfy the Brueckner condition often do not suffer from significant spin contamination. Indeed, in the case of NiH, the ͗S 2 ͘ value of the Brueckner determinant is 0.78, close to the ideal value. Other molecules with significant spin contamination are FeH ͑computed ͗S 2 ͘ value of 4.75 instead of the ideal value of 3.75͒ and CoH ͑computed ͗S 2 ͘ value of 2.99 instead of the ideal value of 2.0͒. However, the resulting error in the bond length for FeH and CoH is much smaller than in NiH. If we exclude NiH from the results both methods perform similarly.
There are two other important points that should be noted for these systems.
͑1͒
In some of the hydrides ͑e.g., CoH and NiH͒, multiple solutions of the unrestricted HF wavefunctions were found, some with low spin contamination and some with high contamination. We have performed a stability analysis of the corresponding wavefunctions to determine the solution to be used for correlation studies. In general, when multiple solutions are obtained, the wavefunctions corresponding to low spin contamination are not stable. Such solutions appear to be basis set dependent and frequently collapse to lower energy ͑higher contaminated͒ solutions. The high spin contaminated states are stable solutions at the UHF level. They yield consistent results though they lead to significant deficiencies in the performance of some theoretical models ͑vide supra͒. ͑2͒ There are two molecules where the starting UHF ͑or UDFT͒ wave function is deficient. These are TiH and CoH where the ground states are known to be 4 ⌽ and 3 ⌽, respectively. The correct orbital occupations are shown in Table VII . However, they cannot be represented as a single determinant with real coefficients, leading to broken symmetry solutions. In both cases, the problem arises from having unpaired electrons in both and ␦ orbitals. While complex molecular orbitals will yield proper ⌽ states, the inclusion of electron correlation effects starting from complex orbitals is not incorporated in most quantum chemical programs. Using real orbitals, two different broken symmetry UHF ͑or UDFT͒ solutions have been found for both molecules, and we have included both solutions in Table VII. While they have significantly different energies at the UHF level, the energies of the two solutions are typically within 1 -2 kcal/ mol of each other at highly correlated levels such as CCSD͑T͒ or BD͑T͒.
Dissociation energies
Table VIII compares the calculated bond dissociation energies to experiment. 24, 53, 55, 60, 61 Zero-point energy corrections were calculated at each level of theory and included for comparison to experiment. The mean absolute deviations at the DKH-CCSD͑T͒/G3Large and DKH-BD͑T͒/G3Large levels of theory are 3.91 and 2.55 kcal/ mol, respectively. After neglecting NiH the MAD of the DKH-CCSD͑T͒/G3Large level of theory decreases to 3.09 kcal/ mol. For all cases where the BD͑T͒ and CCSD͑T͒ results are significantly different, the BD͑T͒ yields higher bond dissociation energies. The most pronounced differences are for FeH, CoH, and NiH, which are the most spin contaminated hydrides. The differences in the computed bond energies between DKH-CCSD͑T͒ and DKH-BD͑T͒ are 2 kcal/ mol ͑FeH͒, 5 kcal/ mol ͑CoH͒, and 13 kcal/ mol ͑NiH͒, while for most of the other hydrides they are within 1 kcal/ mol. Recently, Balabanov and Peterson have investigated some of the transition metal hydrides with CCSD͑T͒ based on a ROHF starting point and thus do not have issues related to spin contamination. It will be interesting to investigate potential Gn models based on restricted references. Table IX compares the bond dissociation energies of TiH, MnH, and CuH calculated with the G3Large basis set with those extrapolated to the complete basis set. 1 The ccpVTZ and CBS calculations enable us to estimate deficiencies in the G3Large basis set for the calculation of bond dissociation energies. The cc-pVTZ and G3Large basis sets perform similarly. This puts the G3Large basis set within about 2 kcal/ mol of the CBS limit for the calculation of bond dissociation energies for these three molecules. The performance of the BD͑T͒ merits further discussion. By rotating the UHF reference orbitals, BD͑T͒ corrects substantially for spin contaminated reference functions, thereby yielding more correlation energy. Since significant spin contamination in our test molecules is seen only for the hydrides, one would expect an increase in bond dissociation energy on going from CCSD͑T͒ to BD͑T͒. This is indeed observed as pointed out earlier, and BDE's are mostly larger when calculated with BD͑T͒ as opposed to CCSD͑T͒, with the most notable increases occurring for the most highly spin contaminated systems ͑FeH, CoH, and NiH͒. It should be noted that the dissociation energies in Table VIII It can be noted that many of the errors for the computed bond energies are quite significant even at the BD͑T͒ level.
However, the uncertainties in the experimental bond dissociation energies may make a critical comparison difficult. It is clear from the experimental values listed in Table VIII that quoted uncertainties of order of 4 kcal/ mol are common even for these simple diatomic molecules. These factors also have to be taken into account when designing new procedures such as Gn and assessing their performance with respect to known experimental values.
C. G3MP2Large basis set
Table X compares the G3Large basis set to the slightly smaller G3MP2Large basis set, which is obtained by neglecting the core polarization function that are included in G3Large. A comparison of the MADs from experiment for both of the basis sets ͓using the DKH-CCSD͑T͒ model for correlation͔ shows that the s → d excitation energies are more sensitive to changes in the core correlation than the ionization energies. This is to be expected since in Table V we see that the excitation energies are affected more than the ioniza- tion energies when the size of the frozen core is increased. With deviations of 0.016 eV for excitation energies and 0.006 eV for ionization energies, the G3MP2Large basis set performs similarly to the full G3Large basis set but at a reduced cost. This basis set will be useful in future applications of Gn-type methods.
V. CONCLUSIONS
The following conclusions can be drawn from this investigation of application of the G3Large basis set to transition metal atomic ionization potentials, excitation energies, and diatomic hydrides ͑M=Sc-Zn͒.
͑1͒ Overall, the new G3Large basis set for the transition metals performs adequately in calculations of the excitation and ionization energies of the transition metal atoms. The geometries and dissociation energies for diatomic hydrides are described quite well with the exception of NiH, which suffers from a highly spin contaminated wavefunction. ͑2͒ There are several hydrides ͑FeH, CoH, NiH͒ where the starting UHF wavefunction is significantly spin contaminated. While they are stable solutions, they provide a poor starting point for correlation studies. This results in the bond length and the corresponding dissociation energy to be fairly poor. A much better starting point is provided by the corresponding Brueckner orbitals. The corresponding triples-augmented BD͑T͒ method yields significantly higher binding energies than the conventional CCSD͑T͒ in such cases. For the other hydrides with very little contamination, the performance of BD͑T͒ and CCSD͑T͒ is virtually identical. ͑3͒ These simple hydride and atomic systems are very challenging to describe accurately by these conventional ab initio methods. In the future we will continue this assessment on more complex systems involving transition metals that will be used to help develop an improved version of Gn theories. In the G3large and G3MP2large basis sets the 3d2f polarization set is obtained by splitting the f exponent into 4f, f, and 0.25f and the g exponent into 2g, 0.5g.
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